Practical approach of the mutational pressure theory created by Noboru Sueoka [1] has been developed in our recent work [2] . Levels of mutability for di erent conformational B -cell epitopes of the same protein can be compared based on knowledge of mutational pressure directions in the subsequent gene [2] . e less mutable epitope is encoded by a part of a gene which is protected from missense nucleotide mutations occurrence better than others due to certain features of its nucleotide content and composition [2] .
Practical approach of the mutational pressure theory created by Noboru Sueoka [1] has been developed in our recent work [2] . Levels of mutability for di erent conformational B -cell epitopes of the same protein can be compared based on knowledge of mutational pressure directions in the subsequent gene [2] . e less mutable epitope is encoded by a part of a gene which is protected from missense nucleotide mutations occurrence better than others due to certain features of its nucleotide content and composition [2] .
According to our results, there is AT-pressure in the env gene of Human immunode ciency virus type 1 (HIV1), while the rates of G to A transitions in that gene are higher than rates of C to T(U) transitions, and the rates of C to A transversions are higher than rates of G to T(U) transversions [2] .
Symmetric mutational AT-pressure leads to the decrease of the quantity and length of linear B-cell epitopes [3, 4] . However, antigenic properties of glycoproteins depend both on existence of immunogenic amino acid stretches forming conformational epitopes and on existence of glycans connected with them [5] . Glycan can be connected with protein via "-OH" group of serine or threonine side chain (this type of glycosylation is known as O-glycosylation) and via "-NH 2 " group of asparagine side chain (this type of glycosylation is known as N-glycosylation) [5, 6] . Side chains of some other natural and modi ed amino acids can also be glycosylated. It is known that many hydroxylisine residues of collagen are O -glycosylated [5] . Rare cases of O-glycosylation via tyrosine and hydroxyproline side chains have been described, as well as a single (to this date) case of N-glycosylation via arginine
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In silico directed mutagenesis with the aim to estimate consequences of mutational pressure on number of N-and O-glycosylation sites has been proposed as an important step in antigen design. Using this kind of methodology one is able to estimate probabilities at which N-and O -glycosylation sites can be destroyed and created due to one-step missense mutations caused by mutational pressure in the subsequent gene and to select a region of a protein with a lowest probability of new glycosylation site occurrence. Mutational AT-pressure has been simulated in the region of env gene coding for HIV1 gp120. Consequences of 741 amino acid substitutions caused by missense GC to AT mutations have been predicted with the help of NetNGlyc 1.0 and NetOGlyc 3.1 algorithms. e probability of O-glycosylation site destruction (2.16%) in HIV1 gp120 protein due to a single missense GC to AT mutation in env gene is higher than the probability of a new site creation (0.40%). e probability of N-glycosylation site destruction in HIV1 gp120 protein is equal to the probability of its creation (5.53%), while the number of N-glycosylation sites which can be created due to a single missense GC to AT mutation in env gene is 1.27 times higher than the number of N-glycosylation sites which can be destroyed Keywords: HIV1; N-glycosylation; O-glycosylation; gp120; mutational pressure; B-cell epitopes .
side chain [5, 6] . So ware for prediction of sites for those rare types of O-and N-glycosylation has not been created yet due to the insu cient volume of data. e purpose of this study was to simulate AT-pressure in the region of env gene coding for HIV1 gp120, to estimate its in uence on frequencies of N-glycosylation (via asparagine residues) and O-glycosylation (via serine and threonine residues) sites and to select B-cell epitope of gp120 with lowest probability of a new glycosylation site occurence.
Sites for O-glycosylation have been predicted by NetOGlyc 3.1 so ware [7] (http://www.cbs.dtu.dk/services/NetOGlyc).
is so ware producing neural network predictions based on 299 known and veri ed mucin-type O-glycosylation sites has already been used in theoretical study [8] .Sites for Nglycosylation have been predicted by NetNGlyc 1.0 so ware (http://www.cbs.dtu.dk/services/NetNGlyc), which has also showed good performance in several bioinformatical works [9, 10, 11] .
Peptides corresponding to those B-cell epitopes of viral or bacterial proteins which are not glycosylated and have low probability to acquire a new site for glycosylation due to mutational pressure should show better performance as antigens for ELISA test systems and as components of synthetic vaccines. Immunization to that kind of peptides should decrease the probability of immune escaping by the way of mutation creating a new glycosylation site. ose B-cell epitopes which can acquire N-or O-glycosylation site due to a single amino acid substitution caused by mutational pressure should be excluded from antigen design study on its early in silico step. It will help future investigators to save time and funds for their in vitro and in vivo experiments (peptide synthesis, testing antigenic properties of peptides in ELISA, immunization of laboratory animals, a nity purication of antibodies and, nally, clinical trials).
Material and Methods
As a material we used nucleotide sequence of the HIV1 env gene region coding for gp120 protein from the reference strain of that virus [NC_001802]. We introduced all possible point missense nucleotide mutations of GC to AT direction in that coding region. en consequences of each of those possible 741 amino acid substitutions have been predicted with the help of NetOGlyc 3.1 [7] and NetNGlyc 1.0 algorithms.
Introduction of point missense nucleotide mutations of GC to AT direction has been performed with a help of simple but useful original MS Excel algorithm entitled "Mutational Pressure Simulator". To use this so ware available via our webpage (www.barkovsky.hotmail.r) one should enter nucleotide sequence of a protein coding region in a special cell on its "nucleotide sequence" list. en one should enter certain codon in which mutation should be introduced as well as resulting codon in cells on the same list. e set of amino acid sequences with introduced mutations can be found in a column of the "nucleotide sequence results" list.
Each of those sequences possesses amino acid substitution resulting from single codon mutation.
e algorithm uses universal genetic code to translate nucleotide sequences into amino acid sequences. In case if there are some deviations from universal genetic code in the genome of given specie, the code used by the algorithm may be changed manually.
To make this operation one should introduce corrections into the genetic code table on the "genetic code" list. e output of the "Mutational Pressure Simulator" algorithm (amino acid sequences) is in FASTA format. It means that all the resulting sequences may be copied from the "nucleotide sequence results" list and pasted into the special eld of NetNGlyc 1.0 or NetOGlyc 3.1.
"Mutational Pressure Simulator" is also able to introduce single amino acid mutations in the amino acid sequence entered in the cell on the "amino acid sequence" list. e set of sequences with introduced mutations can be found in a column of the "AA results" list in FASTA format.
Information from the output of NetNGlyc 1.0 and NetOGlyc 3.1 used in this study includes: 1) number of sites for N -and O-glycosylation in each mutated sequence; 2) location of a new N-glycosylation or O-glycosylation site; 3) location of a site for N-glycosylation or O-glycosylation which has been destroyed due to a single amino acid substitution.
To calculate total probability of N-glycosylation site creation due to a single amino acid substitution caused by ATpressure we divided the number of amino acid substitutions creating new sites for N-glycosylation by the total number of possible amino acid substitutions produced by missense GC to AT mutations. Other probabilities, including those for each glycosylation site destruction and creation, have been calculated in a similar way.
Results

Consequences of GC to AT missense mutations in env gene for number of O-glycosylation sites in HIV1 gp120 protein
According to the results of NetOGlyc 3.1 prediction, there is a single site for O-glycosylation in HIV1 gp120 protein from reference strain. is site is quite unstable under the pressure of GC to AT nucleotide mutations (see Figure 1) . Sixteen amino acid substitutions in the area near that site lead to its disappearance (the probability of its destruction due to a single missense GC to AT mutation is equal to 2.16%). Just two of those mutations lead to the replacement of threonine residue itself (See Supplementary material, Tables 1-4). Six of those mutations lead to the replacement of alanine residue near threonine, and four -to the replacement of proline residue. is data is in consistence with the known fact that threonine and serine residues are Oglycosylated in case if they are surrounded by proline and alanine residues [7] . Both proline and alanine are encoded by GC-rich codons (CCX and GCX, respectively).
Interestingly, only a single O-glycosylation site can be created in gp120 protein due to one-step missense GC to AT mutations in the region of env gene coding for it. e probability of creation for that O-glycosylation site (0.40%) is 5.4 times lower than the probability of destruction for existing O -glycosylation site. New O-glycosylation site can appear in the sequence "PTDPNP" enriched by proline residues situated in C1 region of gp120.
Consequences of GC to AT missense mutations in env gene for number of N-glycosylation sites in HIV1 gp120 protein
According to the results of NetNGlyc 1.0 predictions, the probability of N-glycosylation site creation in HIV1 gp120 protein due to a single missense GC to AT mutation in env gene (5.53%) is exactly the same as the probability of Nglycosylation site destruction. Since asparagine is encoded by GC-poor codons (AAT/C), its level of usage increases due to GC to AT mutations. However, consensus sequence for Nglycosylation site (also known as "sequon") is "Asn-Xaa-r/ Ser" (where Xaa is not Pro). It means that serine and threonine replacements due to AT-pressure lead to the destruction of N-glycosylation sequons.
ere are een sites for N-glycosylation in gp120 protein (according to NetNGlyc 1.0 prediction), each of which can be destroyed by AT-pressure due to replacement of serine or threonine residue in its sequon. However, some of those sites can be destroyed due to many other amino acid replacements (See Supplementary material, Tables 1-4). e most unstable N-glycosylation site is situated in the V3-loop of gp120: it can be destroyed due to seven di erent amino acid replacements caused by AT-pressure both in the sequon itself and in the area near it (see Figure 1 ).
e number of N-glycosylation sites which can appear due to AT-pressure is 1.27 times higher than the number of sites which can be destroyed. Indeed, since serine and threonine are encoded by codons of average GC-content, they can not only disappear, but also appear due to GC to AT missense mutations. So, in general, AT-pressure leads to the increase of the number of N-glycosylation sites in gp120 protein. Table 1 ) the probability of N-glycosylation site creation is higher than that for N-glycosylation site destruction (4.19% versus 2.33%). ose one-step transitions can create nine and destroy four N-glycosylatyion sites. Since G to A transitions occur in HIV1 genes more frequently than other types of GC to AT mutations, in general, this speci c mutational A-pressure [12] should lead to the growth of the number of N-glycosylation sites in gp120 protein. Obviously, amino acid substitutions of Ser2 to Asn direction can not only create new sites for N-glycosylation due to Asn appearance, but also destroy previously existed ones due to Ser disappearance (See Supplementary material, Table  1 ).
For 128 possible missense C to T(U) transitions (see Supplementary material, Table 2 ) the probability of Nglycosylation site creation is lower than that for Nglycosylation site destruction (5.47% versus 11.72%). ose one-step transitions can create four and destroy ten Nglycosylatyion sites. Two thirds of destructive missence C to T(U) mutations lead to r to Ile replacement (see Supplementary material, Table 2 ). Sequons for N-glycosylation containing threonine in their third positions can be destroyed by this kind of amino acid substitution, as well as by r to Met substitution which may also be caused by missence C to T(U) mutation.
For 187 possible missense C to A transversions (see Supplementary material, Table 3 ) the probability of Nglycosylation site creation is also lower than that for Nglycosylation site destruction (7.49% versus 8.56%). ose one-step transversions can create nine and destroy twelve Nglycosylatyion sites. e main cause of the destructive e ect of missence C to A transversions is in their ability to cause r to Lys amino acid substitutions which can destroy sequons for N-glycosylation (see Supplementary material, Table 3).
For 220 possible missense G to T(U) transversions (see Supplementary material, Table 4 ) the probability of Nglycosylation site creation is higher than that for Nglycosylation site destruction (5.00% versus 2.28%) mostly due to their ability to cause Lys to Asn substitutions. ose one-step transversions can create eight and destroy four Nglycosylatyion sites. e probability to be N-glycosylated for a given site may become low not only due to direct destruction of the sequon (due to Asn, Ser or r disappearance), but also due to other types of amino acid substitutions.
eoretically, some of those amino acid substitutions should be able to make the region containing sequon less hydrophilic. For example, Pro to Leu4 substitution caused by C to T(U) mutation drastically decreased the score for N-glycosylation of a certain sequon (see Supplementary material, Table 2 ). As we have found out, C to T(U) mutations are prone to decrease the score of linear B-cell epitopes predicted by BepiPred 1.0 [13] . In general, missense C to T(U) mutations should have a destructive e ect on antigenic determinants (both glycosylated and not glycosylated) helping the virus to escape humoral immune answer [3] . However, the percent of destructive amino acid replacements which are unable to destroy a sequon for N-glycosylation is relatively low (7.3%). In contrast, the percent of amino acid substitutions which are unable to create a new sequon but have made the score of the sequon higher than the threshold is equal to 53.7%. In other words, mutational AT-pressure destroys sequons for Nglycosylation mostly in direct manner (causing replacements of Asn, Ser and r), while it can 1) create new sequons for N-glycosylation and 2) make "hidden sequons" more suitable for that kind of posttranslational modi cation. "Hidden sequons" themselves may also be consequences of ATpressure which increases the level of asparagine usage in proteins. ey should be abundant in proteins encoded by GC-poor genes, such as HIV1 gp120 protein. Indeed, there are 24 sequons for N-glycosylation in the gp120 protein. All of those sequons may be glycosylated in vitro [14] . However, according to NetNGlyc 1.0 predictions, only 15 of them have a high probability to be glycosylated.
Discussion
4.1 e role of in silico directed mutagenesis using so ware for glycosylation sites prediction in antigen design studies e nal aim of antigen design study is in the development of new components for vaccines. Synthetic and recombinant vaccines are usually based on peptides corresponding to short fragments of proteins exposed on a surface of virions or bacterial cells. e main idea of synthetic vaccine creation is in the possibility to immunize person against the conserved antigenic determinant shared by the most of the strains of the given pathogen. To make this idea work well one should carefully select antigenic determinant of the protein of interest. e rst step of that selection usually includes mapping of B-cell epitopes. ere are numerous bioinformatical methods able to predict B-cell epitopes (either liner [13, 15, 16] or conformational [17, 18] ) or regions of a protein exposed to a solvent [19] . However synthetic peptides corresponding to strongest B-cell epitopes o en can not be recognized by antibodies against fragments of the native molecule and vice versa. One of the causes of the lack of immunological cross-reactivity is in the fact that many strong B-cell epitopes are mapped in regions containing proline and glycine residues [4] .
ose residues usually form beta-turns which are situated on a surface of a molecule. However those beta-turns are formed mostly during the folding of the whole molecule. Short peptides corresponding to them usually have quite di erent conformations. So, one should select those fragments of a protein which conformation and secondary structure should not depend on longdistance interactions with other parts of a native full-length molecule, even though their score of immunogenicity is some lower than for other fragments [2] . e second step of antigen design study usually includes searching for conserved B-cell epitopes in a protein of interest. is step is usually based on alignment of amino acid sequences of that protein from di erent strains of the same pathogen [2] . As a result, B-cell epitope the structure of which is under the in uence of the stronger negative selec-tion should be determined.
In our works [2, 20] we introduced another step of antigen design studies based on mutational pressure theory. e aim of this step is in the selection of the less mutable B-cell epitope. To select the less mutable B-cell epitope one should estimate the most frequent types of nucleotide mutations in a gene coding for a protein of interest (main directions of the mutational pressure) and compare levels of mutability for regions coding for B-cell epitopes. e less mutable B-cell epitope should be encoded by a region of a gene with the lowest level of missense sites for the most frequent nucleotide mutations and the highest level of synonymous sites for them [2] . e probability to be missense for the most frequent types of nucleotide mutations should be low in a region of a gene coding for the less mutable B-cell epitope [2] .
In the current article we introduce yet another important step of antigen design study which is also based on mutational pressure theory [1] . It is known that appearance of new sites for glycosylation in viral epitopes leads to the loss of protective e ect in case of immunization against recombinant or synthetic peptides [21] . at is why it is important to estimate a risk of a new site for glycosylation appearance due to mutations of a preferable direction in each of the conformational epitopes of a protein of interest before the start of the vaccine design project. Synthetic peptides corresponding to B-cell epitopes which are glycosylated or have a high probability to be glycosylated a er a single amino acid substitution caused by mutational pressure should not be used as antigens for vaccine development.
In case if all the conformational epitopes already possess sites for glycosylation, an epitope with the most stable site for glycosylation should be chosen for production of recombinant peptide in eukaryotic cells. Synthetic peptide can also be conjugated with a certain glycan. is kind of synthetic vaccine may be developed in case if the structure of a glycan is constant. It has been shown that di erent glycans are attached to di erent N-glycosylation sites of HIV1 gp120 protein in di erent cell lines [21, 22] .
4.2 Selection of the best antigen for vaccine design study using results of in silico directed mutagenesis with so ware for glycosylation sites prediction
Five conformational B-cell epitopes have been mapped by us on HIV1 gp120 protein in the previous study [20] . For this purpose DiscoTope 1.2 [17] , Epces [18] and Epitopia [19] algorithms have been used. In the current work we compared their suitability for inclusion in antigen design study based on data received from in silico directed mutagenesis session with so ware for glycosylation sites prediction.
In Figure 1 probabilities of destruction and creation are given for each N-glycosylation site along the length of gp120 protein from reference HIV1 strain. e highest probability of new N-glycosylation site appearance due to AT-pressure is characteristic to V1-V2 region of gp120.
ere are no N-glycosylation sites in two from ve conformational B-cell epitopes of gp120 predicted by us [2] (in epitope 1 from C1 region and in epitope 5 from C4-V5-C5 region). AT-pressure can create a single N-glycosylation site in epitope 1 at a probability which is two times lower than that for creation of a single N-glycosylation site in epitope 5. Two N-glycosylation sites can appear due to AT-pressure in epitope 3 (this region plays important role in CD4 receptor binding) and epitope 4 (in highly variable V4-loop).
Five sites for N-glycosylation which can appear due to several single amino acid substitutions are represented by "hidden sequons". Di erent types of amino acid substitutions near those sequons may drastically increase their probabilities to be N-glycosylated. In contrast, probabilities to be N-glycosylated for three other "hidden sequons" did not become higher than the threshold during the current session of in silico mutagenesis.
"Hidden sequons" which may become N-glycosylated due to a single amino acid substitution caused by mutational ATpressure can be found in epitope 3, epitope 4 and epitope 5 (see Figure 1) . Moreover, epitope 4 possesses yet another "hidden sequon" which cannot become suitable for Nglycosylation at least due to a single amino acid substitution caused by mutational AT-pressure.
Results showed that epitope 1 is more suitable for antigen design than four other epitopes predicted by us [2] . at region is not glycosylated, it has no "hidden sequons" for Nglycosylation and the probability of N-glycosylation site creation due to AT-pressure is lower for it than for other conformational B-cell epitopes. Moreover, this epitope is the less mutable one [2] .
Results of our in vitro experiments showed that there are antibodies able to cross-react with the peptide NQ21 corresponding to the consensus sequence of that epitope in blood of 80.22% of persons with currently diagnosed HIV1-infection [2] . is high level of sensitivity for an ELISA test system based on the short NQ21 peptide conjugated with biotin could not be reached in case of a high probability of new N-glycosylation site appearance in the epitope 1 of gp120.
Concluding Remarks
In silico directed mutagenesis with estimation of the mutational pressure consequences on number of N-and Oglycosylation sites is an important step in the process of antigen design. Short peptides corresponding to those epitopes which are not glycosylated and have a lowest probability of new N-glycosylation site appearance due to mutational pressure are recommended for usage as new vaccine components and antigens for ELISA test systems.
Supplementary material
Supplementary data and information is available at: http:// www.jiomics.com/index.php/jio/rt/suppFiles/80/0 Table 2 . Consequences of C to T(U) missense mutations. Table 3 . Consequences of C to A missense mutations. Table 4 . Consequences of G to T(U) missense mutations.
